Abstract Topoisomerases are enzymes that use DNA strand scission, manipulation, and rejoining activities to directly modulate DNA topology. These actions provide a powerful means to effect changes in DNA supercoiling levels, and allow some topoisomerases to both unknot and decatenate chromosomes. Since their initial discovery over three decades ago, researchers have amassed a rich store of information on the cellular roles and regulation of topoisomerases, and have delineated general models for their chemical and physical mechanisms. Topoisomerases are now known to be necessary for the survival of cellular organisms and many viruses and are rich clinical targets for anticancer and antimicrobial treatments. In recent years, crystal structures have been obtained for each of the four types of topoisomerases in a number of distinct conformational and substrate-bound states. In addition, sophisticated biophysical methods have been utilized to study details of topoisomerase reaction dynamics and enzymology. A synthesis of these approaches has provided researchers with new physical insights into how topoisomerases employ chemistry and allostery to direct the large-scale molecular motions needed to pass DNA strands through each other.
INTRODUCTION
The physical integrity and organization of chromosomal DNA must be appropriately maintained throughout a cell's life. Unfortunately, a number of natural and essential cellular processes can have adverse effects on DNA superstructure. For example, the double-helical structure of DNA contorts and supercoils when unwound by polymerases or helicases (91) . Replication of the two complementary DNA strands, or recombination between DNA duplexes, can generate chromosomal knots and catenanes (112) . Failure to resolve these problems can promote misregulation of gene expression and chromosomal breakage, and can have severe consequences for cell viability.
Topoisomerases are enzymes that overcome such challenges by their ability to directly alter the topology of DNA. All topoisomerases function by coordinately cleaving, manipulating, and religating DNA strands, thereby regulating DNA superhelicity and disentangling chromosome segments. The activities of topoisomerases are essential, with mutant or deficient cells showing defects in genome replication, chromosome partitioning, and survival (28, 156) . Certain compounds are known to inhibit topoisomerases; because of the need for topoisomerase activity in proliferating cells, these agents have proven useful as both cancer chemotherapeutics and antibiotics (52, 60, 96, 103, 111) .
Topoisomerases have also attracted great attention for their biophysical properties. Enzymes of this protein superfamily manage a complex series of DNA cleavage and manipulation steps at high speeds and with remarkable fidelity, powered either by the energy of DNA supercoiling or ATP hydrolysis. As such, topoisomerases provide a model system for studying complex enzyme reactions, allostery, and the mechanical motion of molecular machines.
DNA topoisomerases (topos) are classified into four distinct subfamilies, each of which has a unique structure and functionality ( Figure 1 ) ( Table 1) . Type IA topos, first discovered by Wang (155) , cleave a single strand of DNA and pass another strand through the resultant gap. This reaction changes the "linking number" of the substrate DNA, the number of times the two strands of a duplex are wrapped around each other (42, 53) , in discrete steps of one (23) . Type IB topos, identified by Champoux & Dulbecco (29), also cleave one strand of DNA; however, type IB enzymes are thought to permit one or more rotations of an entire duplex around the intact phosphodiester bond on the complementary strand, thereby altering a DNA's linking number by up to five integral turns per reaction cycle (142, 143) . The type IIA topos, first isolated by Gellert et al. (56) , act in a manner fundamentally different from either type I enzyme: They use ATP to actively transport one DNA duplex through a transient, enzyme-mediated break in a second duplex. When the two DNA duplexes are part of the same DNA segment, the type II topoisomerase reaction results in a net linking number change of +/−2 (22, 56) . Type IIB topos were discovered relatively recently by Bergerat et al. (16) and share a number of catalytic properties and domains with type IIA enzymes but possess a distinct global architecture. All topos identified thus far use a tyrosine residue to attack and cleave the phosphate backbone of DNA, which allows the enzymes to preserve the phosphodiester bond's energy in the form of a covalent yet readily reversible protein/DNA link with the tyrosine hydroxyl group and minimizes the inadvertent formation of DNA-damaging nicks and breaks (15, 27, 69, 95, 151, 161) . The complexity and diversity of DNA topoisomerases is remarkable, with each subfamily offering a unique solution to the challenge of altering DNA topology. Nevertheless, certain mechanistic and structural parallels exist between the four topoisomerase types, and studies of one enzyme group have often aided understanding of other groups. In this review, we dissect the structure and purpose of key catalytic modules found in different topoisomerase families, both as isolated units and in the context of overall enzyme architecture. We also highlight parallels between topoisomerases and other families of DNA-processing enzymes to provide further insight into topoisomerase function. Regrettably, citations here are limited to particularly relevant or recent findings in the areas of structure and physical mechanism. The reader is referred to earlier, comprehensive reviews for more complete coverage of these enzymes' cellular roles, evolution, inhibition by drugs, and therapeutic potential (28, 52, 54, 84, 156, 157, 169, 170) .
SHARED MODULES IN TOPOISOMERASES

5Y-CAP and Toprim DNA Cleavage Domains
Type IA, IIA, and IIB topos share two domains that are required for DNA binding and cleavage (5, 13, 14, 86, 102) . The first of these, the 5Y-CAP domain, consists of a "winged-helix" fold that is found in a number of DNA-binding proteins, such as the Escherichia coli catabolite activator protein (CAP) (20, 35, 64, 129) (Figure  2a,b) . This domain is termed 5Y-CAP because it bears a catalytic tyrosine residue that becomes covalently attached to the 5 end of DNA after nucleophilic attack on the phosphodiester backbone (24, 47, 148, 151) . A conserved arginine residue that is situated close to the catalytic tyrosine is thought to help position the scissile phosphate group and help stabilize the pentavalent transition state of the reaction (30).
The second domain required for cleavage is the "toprim" domain, so named because the fold is found not only in type IA, IIA, and IIB topos, but also in bacterial primases and certain nucleases (toprim: topoisomerase/primase) (5) . The toprim domain consists of a parallel, four-or five-stranded β-sheet sandwiched by α-helices, the organization of which is related to that of a doubly wound Rossmanntype fold (Figure 2c) . A cluster of three to four conserved acidic residues is localized in one region of the domain among several loops that connect secondary structural elements. This acidic cluster is thought to form a binding site for Mg 2+ ions (5, 7, 86, 92, 102, 104, 158, 168) , a cofactor required for full catalytic function (57, 108) .
Structural and biochemical data have indicated that the 5Y-CAP and toprim modules of type IA, IIA, and IIB topos associate so as to place the acidic cluster of the toprim domain close to the catalytic residues of the 5Y-CAP domain (5, 7, 57, 86, 92, 102, 104, 108, 158, 168) . In each case, the two domains comprising this bipartite active site are brought together by each enzyme's architecture in trans and are separated either by a long intervening stretch of polypeptide chain (type IA topos) or by a dimer interface (type II topos). This organization is significant because it provides a means by which different scaffold elements can open and bridge a gap in DNA following cleavage, thereby allowing another DNA strand or duplex to pass through the first.
Type IB/Tyr-Recombinase DNA Cleavage Domains
Type IB topos have no structural elements in common with other topoisomerase types. Enzymes of this type do, however, share a common catalytic domain with the tyrosine recombinases (34, 118), a large family that includes the bacteriophage HP1 and λ integrases, and the XerC/D, Cre, and Flp recombinases (6, 33, 58, 153) . This IB/Int (type IB/λ Integrase) domain adopts a bi-lobed fold containing 8 to 10 α-helices and a small antiparallel β-sheet (Figure 2d) , and it contains all the elements necessary for DNA cleavage and covalent attachment to the 3 end of the broken DNA (34). The general topology of the IB/Int catalytic core region is seen 99 in both vaccinia virus and human topo I. Important active site elements include the catalytic tyrosine, a histidine-lysine pair involved in transition state stabilization, and an arginine-lysine pair that forms a proposed "proton relay" path between the active site tyrosine and the leaving 5 hydroxyl. In contrast to 5Y-CAP/toprim topos, DNA cleavage by the type IB enzymes results in a covalent linkage to the 3 end of DNA and is independent of divalent metal ions such as Mg 2+ (11, 27, 29) . A number of type IB topoisomerase and tyrosine recombinase structures have helped explain how the IB/Int domain has been recruited to perform different functions on DNA. One notable difference between the two families is their respective oligomeric states. Tyrosine recombinases assemble into tetramers, which allows these enzymes to cleave multiple DNA strands and to exchange the free DNA ends between subunits for ligation to different strands (reviewed in 33, 153). In contrast, type IB topos are monomers, an organization that favors religation of the free DNA end arising from enzyme-mediated cleavage back to its original parent strand. A second difference observed between type IB topos and tyrosine recombinases lies in their distinct accessory domains: Recombinases have gained diverse N-terminal elements that help mediate higher-order oligomerization (6) , and type IB topos have gained modules that work to control DNA rotation (118, 142) . Despite these differences, however, the two enzyme families are related closely enough that, under certain circumstances, each catalyzes the reaction of the other. For example, type IB topos have been shown to ligate distinct DNAs (135, 136) and are capable of resolving synthetic Holliday junctions in vitro (131) . Similarly, some tyrosine recombinases have been coaxed into relaxing DNA supercoils (40, 162).
GHKL ATPase Domains
ATP binding and hydrolysis are required by all type II topos to direct the transport of one DNA duplex through another. The ATPase region responsible for this function contains two distinct domains, both of which have been recently shown to be conserved across type IIA and IIB topos (15, 39) .
The N-terminal-most domain of the ATPase region consists of an eight-stranded, antiparallel β-sheet backed on one face by five α-helices. This domain adopts a GHKL fold, so named because of its presence in a variety of ATPases including type II topos (E. coli DNA Gyrase), Hsp90, bacterial CheA-family histidine kinases, and MutL (10, 15, 17, 18, 36, 39, 49, 114, 140, 159) (Figure 2e ). The ATP-binding site of GHKL proteins is made up of a "floor" of β-strands and several "walls" of α-helices (10, 15, 18, 36, 39, 114, 140, 159) . Though the GHKL domain does contain a glycine-rich P-loop motif (15) , termed the ATP lid (9) , its overall fold is distinct from other ATPases such as RecA-type or AAA + proteins (15, 49) . In type II topos, ATP binding causes dimerization of the GHKL domains. A prominent structural feature of this association is an N-terminal "strap" motif, which extends from one GHKL domain, reaches across the dimer interface, and contacts the ATP lid of the partner GHKL domain (21, 36, 39, 159) . Because the ATP lid in turn helps position the γ -phosphate of ATP for hydrolysis, ATPase activity is effectively coupled to dimer formation (3) . As a result, ATP binding to the GHKL domains forms the basis for a nucleotide-actuated protein dimerization gate through which DNA duplexes are passed (120, 121, 159) .
The C-terminal domain of the type II topoisomerase ATPase region, referred to as the transducer domain, consists of a four-stranded β-sheet backed by two α-helices. This fold contains a rare, left-handed β-α-β crossover connection (10, 101, 159) (Figure 2f ). Studies on E. coli DNA gyrase have shown that the Cterminal domain is essential for ATP hydrolysis, in part due to the presence of an invariant lysine residue that projects into the active site of the GHKL domain. The lysine hydrogen bonds the γ -phosphate of bound nucleotide and likely stabilizes the transition state of hydrolysis (36, 39, 70, 139, 159) . Significantly, structural studies have shown that nucleotide binding can induce an [11] [12] [13] [14] [15] [16] [17] [18] • rotation between the GHKL and transducer domains in both type IIA and IIB topos and that this movement is coupled with the positioning of the catalytic lysine into the ATPase site (39, 83, 159) . This motion may help transduce structural signals to the DNAbinding/cleavage regions that ultimately direct strand passage.
It is significant to note that many of the structural and catalytic properties of the type II topo ATPase region extend to MutL and Hsp90 (9, 10, 97, 110, 113) . For example, both proteins possess the C-terminal transducer domain (10, 97) , as well as the ability to dimerize in response to ATP binding (9, 113) . This conservation of structure and mechanism speaks to the importance of these elements in the diverse action of many different types of GHKL ATPases and highlights their evolutionary relationship as nucleotide-actuated molecular clamps that service a variety of substrates.
GENERAL ARCHITECTURE AND FUNCTION OF TOPOISOMERASES
We have thus far described the conserved domains of topoisomerases that perform particular critical catalytic tasks. Next we discuss how these and other elements are differentially assembled with specific accessory domains to generate distinct topoisomerase functionalities. We also highlight several recent biochemical and biophysical studies that have directly contributed to understanding dynamic aspects of topoisomerase mechanisms.
Type IA
Type IA topos include several well-studied enzymes, including E. coli topoisomerases I and III and eukaryotic topo III. Structural efforts have revealed that the catalytic core region of these proteins is composed of four domains that together form a toroidal architecture (30, 86) (Figure 3a) . The "base" of the type IA enzyme houses the toprim domain, as well as a CAP-like domain that is similar to the 5Y-CAP module, but does not possess a catalytic tyrosine. The 5Y-CAP domain lies proximal to the enzyme base but is not directly tethered to either the toprim or CAP-like domains. Instead, the two regions are connected by a long U-shaped linker domain that extends from the enzyme base, creating a large (∼25Å) hole in the center of the protein.
A recent, pioneering structure of E. coli topo III bound to single-stranded DNA by Mondragón and coworkers (30) has revealed that the DNA substrate binds across the interface of the two CAP-like domains (Figure 3a ). This manner of binding suggests that, following DNA cleavage, the 5Y-CAP domain must swing out from the body of the molecule to separate the broken DNA ends and allow the entry (or exit) of a second DNA strand through the gap (86) . This reaction sequence has been termed a one-gate mechanism, because all DNA substrates enter and leave through the same protein-protein interface (23, 85) . In support of this model, a crystallographic study of a 30-kDa E. coli topo I fragment containing just the linker and 5Y-CAP domains has revealed that these two regions can undergo significant conformational changes with respect to one another. When placed in the context of the full-length protein, the observed positional shifts appear capable of separating the 5Y-CAP from the base of the topoisomerase by up to 20Å (51) (Figure 3b ).
The topo III/DNA cocrystal structure (30) has also shed light on the active site organization of type IA topos ( Figure 3c ). The catalytic tyrosine, which was mutated to phenylalanine for the purpose of crystallization, points directly at the scissile phosphate group of the bound DNA. The conserved, neighboring arginine of the 5Y-CAP fold contacts one nonbridging oxygen of the scissile phosphate, and a lysine from the toprim domain contacts the other. Together, these two amino acids appear positioned to stabilize the pentavalent phosphonate transition state that develops during DNA cleavage. The acidic amino acid cluster that is the hallmark of toprim domains is also positioned adjacent to the active site, placing one highly conserved glutamate residue within hydrogen-bonding distance of the scissile phosphate.
It is interesting to note that the topo III/DNA complex did not reveal Mg 2+ ions bound in the active site (30). Although type IA topos do not require metal ions for DNA cleavage, Mg 2+ does increase the rate of DNA cleavage and is required for relaxation of DNA supercoils (48, 155) . The absence of bound Mg 2+ , combined with the overall configuration of the topo III active site, has led to the proposal that the conserved glutamate from the toprim fold may act as a general acid to donate a proton to the leaving 3 hydroxyl; other active site residues might then assist cleavage in a metal-independent mechanism similar to that of type IB topos (30). However, mutation of this glutamate to glutamine does not affect the DNA cleavage reaction, which suggests that the role of the glutamate may not be exclusively linked to acid/base catalysis (32). Moreover, tryptophan fluorescence studies have shown that the E. coli topo I binds up to two Mg 2+ ions and that mutation of toprim acidic cluster residues to alanine eliminates both Mg 2+ binding and relaxation activity (168) . Given these data and the observation that the toprim folds of type IIB topos and bacterial primases directly bind divalent metal ions (73, 75, 102) , the acidic residues of the type IA topo toprim fold may mediate Mg 2+ binding at some point during the catalytic cycle. Although difficult to pinpoint at this time, the role of Mg 2+ could be either catalytic or structural, perhaps assisting DNA religation or helping to position active site elements or the DNA substrate for full activity (48, 86, 167, 168) .
Aside from the catalytic core, certain type IA topos contain accessory DNAbinding domains that are also critical for full activity. For example, E. coli topo I possesses a 30-kDa domain C-terminal to the core region that bears five tandem "zinc ribbon" motifs (59, 164) . This domain increases the enzyme's affinity for DNA, is necessary for strand passage, and has been proposed to interact with the "passed" strand of DNA during enzyme turnover (1, 2) . How this element precisely interacts with the topo I core to facilitate supercoil relaxation is as yet unclear.
SINGLE-MOLECULE ASSAYS Classic, solution-based methods on bulk enzyme populations are responsible for most of our understanding of type IA topoisomerase function. However, single-molecule assays have also recently been applied to the study of these enzymes. Single-molecule experiments are generally performed using a DNA molecule held under tension between two micron-sized beads or between a bead and a solid support surface, the separation of which can be measured at nanometer scales (recently reviewed in Reference 25). As an extended DNA duplex is twisted to higher and higher levels, it eventually buckles into plectonemes, shortening the apparent length of the DNA molecule (19, 100) . The activity of a single topoisomerase molecule can thus be assayed by measuring the relaxation of plectonemes and the consequent extension of the DNA. To date, the activities of E. coli and Thermotoga maritima topo I have been examined in this manner (45, 46). These studies allowed direct observation of single catalytic cycles by the enzyme and showed that each reaction cycle of the enzyme changes the DNA's linking number by exactly one, in agreement with earlier biochemical observations (23) . These data support the one-gate model of strand passage described above (23, 85, 86, 98) , as opposed to the "free rotation" model of the type IB topos, where individual catalytic cycles can alter DNA linking number by multiple integral turns (143).
Reverse Gyrase: A Type IA Supercoiling Machine
Reverse gyrase possesses the unique ability to use ATP as an energy source to positively supercoil DNA (37, 77). The 130-kDa enzyme is a remarkable fusion of two major functional elements: an N-terminal ATPase region homologous to superfamily 2 (SF2) helicases, and a C-terminal region homologous to type IA topos (37, 126) (Figure 3d ). The structure of the full-length reverse gyrase protein was recently determined by Rodriguez & Stock (126) , who revealed that the helicase module is associated with the base of the topoisomerase core, on the side opposite the extended linker arm that connects the 5Y-CAP and toprim domains.
One striking structural feature of reverse gyrase is a small motif, termed the latch, which reaches up from the helicase domain and binds to the 5Y-CAP/toprim interface ( Figure 3d ). Mutants in which the latch has been ablated are not dependent on ATP to execute strand passage, and also show differences from the wild-type protein in their DNA-stimulated ATPase activity (124, 125) . On the basis of this evidence, the latch has been proposed to move in response to ATP binding or hydrolysis, somehow linking DNA unwinding by the helicase region to strand passage by the topoisomerase region. The exact mechanism that underlies allosteric cooperation between the two domains is not clear (124, 125) . Although the topoisomerase region can slowly relax negative supercoils when expressed separately from the helicase domain (44), the isolated helicase region is inactive and lacks several residues responsible for ATP-dependent DNA tracking in related helicases (44). Further studies are undoubtedly needed to help clarify the cooperative relationship between DNA unwinding and strand passage in this topoisomerase subfamily.
While reverse gyrase proteins have to date been identified only in hyperthermophilic (growth temperature at or above 80
• C) prokaryotes, a related reverse gyrase-like functionality may also exist in other organisms. For example, E. coli topo III has been shown to interact with the SF2 helicase RecQ (63) , an interaction that appears to be conserved with S. cerevisiae and human topo (h-topo) III and their respective RecQ homologs (55, 67, 127) . These interactions appear quite important for cell viability, because certain mutations in the human RecQ-like proteins WRN and BLM have been correlated with increased genome instabilities and a cancer predisposition (67) . Because type IA topos require a single-stranded DNA segment for activity, partnering with a DNA helicase might not only allow them access to this substrate, but might also aid in the resolution of particular recombination intermediates and in the restart of stalled replication forks (41, 55, 127, 134) . Given this connection, studies of reverse gyrase, where both a helicase and type IA topo reside on the same polypeptide, could help further clarify the functions and mechanisms of topoIII/RecQ complexes, and vice versa.
Type IB
Type IB topos fall into two highly related but separate structural categories. The first category includes the viral type IB topos, exemplified by vaccinia topoisomerase I (v-topo I) (Figure 4b ). In addition to the IB/Int catalytic core domain, this 314-amino-acid enzyme contains a small N-terminal domain that promotes DNA binding and increases enzyme processivity (34, 132, 133) . During turnover, v-topo I is thought to engage DNA by first wrapping both domains around the duplex like a pair of jaws. The enzyme then incises one strand and covalently attaches to the 3 side of the break through its catalytic tyrosine residue (34). Following cleavage, DNA 5 to the break is allowed to rotate about the intact phosphodiester bond on the uncleaved strand to relax either positively or negatively supercoiled DNA (143) . The DNA is religated and released by the enzyme after one or several DNA turns to complete the reaction.
The second type IB topo category includes the eukaryotic enzymes, typified by the well-studied h-topo I. This 765-amino-acid enzyme has several extra domains as compared with v-topo I. At the N terminus of the protein is a 24-kDa domain that is highly charged and relatively unstructured (141) . The N-terminal domain is dispensable for function in vitro, although a recent study has shown it may bind DNA downstream of the cleavage site to help control DNA rotation (87) . A core region of h-topo I missing the N-terminal domain comprises the catalytic center; the structure of this segment has been determined in both covalent and noncovalent complexes with double-stranded DNA by Hol, Champoux, and coworkers (118, 142) (Figure 4a ). The h-topo I core contains three major subdomains that wrap around the DNA duplex, the third of which comprises most of the IB/Int catalytic domain. In contrast to v-topo I, the catalytic tyrosine of h-topo I resides on a small 6-kDa domain at its very C terminus that is connected to the central body of the enzyme by a 7-kDa coiled-coil linker element. This C-terminal domain positions the catalytic tyrosine similarly to the C terminus of the v-topo I IB/Int domain, but has a distinct overall fold. The linker element stretches away from the body of the enzyme along the bound DNA and contains a positively charged patch on its DNA-proximal side (142) . This structural element, together with two positively charged helices in subdomains I and II of the core region (termed the nose cone helices), is thought to regulate the speed and extent of DNA rotation during the topoisomerase reaction (93, 117, 142) (Figure 4a ).
BIOCHEMISTRY
The DNA cleavage mechanism of type IB topos is among the best understood of all topoisomerases. A well-studied member of this family in this regard have been v-topo I. The roles of a highly conserved constellation of active site residues in v-topo I have been extensively characterized by using a combination of mutagenesis and specially modified DNA substrates. (Figure 4c ; active site residue numbers refer to v-topo I, and the equivalent residue of h-topo I is shown in superscript). Arg223 590 and His265 632 lie within hydrogen-bonding distance of the two nonbridging oxygens of the scissile DNA phosphate and appear to stabilize the pentavalent transition state during cleavage (80, 118, 150, 163) . Arg130 488 and Lys167 532 have recently been implicated in a "proton relay" mechanism for catalysis, cooperating both in deprotonation of Tyr274 723 for nucleophilic attack and in protonation of the leaving 5 hydroxyl (82, 116) . The elucidation of the exact roles of each active site element of type IB topos represents a significant achievement and has required the coupled benefits of structural and biochemical studies.
Topoisomerase V: An Unusual Type IB Topoisomerase
Type IB topos are predominantly found in eukaryotes, their viruses, and some bacteria (81) , but the archaeon Methanopyrus kandleri possesses a unique type IB enzyme:topoisomerase V. This 110-kDa enzyme possesses a 44-kDa N-terminal domain that is similar to the IB/Int catalytic domain and appears to contain most of the conserved amino acids involved in catalysis (12) . The remaining 66 kDa of topo V has 12 ∼ 50-amino-acid sequence repeats, each containing tandem helixhairpin-helix DNA-binding motifs (12) . Topo V displays all of the biochemical hallmarks of type IB topos, including the ability to relax both positive and negative supercoils in a metal-independent manner, and its DNA target sequence preference is similar to that of v-topo I (138). The C-terminal region of topo V aids enzyme processivity, probably by increasing its affinity for DNA in the high ionic strength (>3 M K + ) intracellular environment of M. kandleri (138) , and also contains apurinic site (AP) lyase activity (12) . To date, topo V is the only topoisomerase known to contain such an associated DNA repair capability.
Type IIA
The type IIA topos include E. coli DNA gyrase and topo IV, eukaryotic topo II, and bacteriophage topo II. The subunit composition of these enzymes varies. Eukaryotic type IIA topos are homodimers, and the bacterial enzymes are A 2 B 2 heterotetramers; the B-and A-subunits of the bacterial proteins are homologous to the N-and C-terminal halves, respectively, of their eukaryotic cousins (94) . Certain phage type IIA topos are A 2 B 2 C 2 heterohexamers, but they share all functional domains with other type IIA enzymes (88, 130) . Numerous representative structures of type IIA topo fragments have been solved from DNA gyrase and yeast topo II over the past decade (14, 36, 50, 83, 99, 159) . Although no structure as yet exists for a fully intact, active type IIA topo, a synthesis of biochemical and structural information has produced a rough outline of the holoenzyme's structure (Figure 5a ).
Type IIA topos are constructed as a series of catalytic modules linked by flexible hinge regions. There are at least three distinct sets of separable protein-protein interfaces that govern interactions between these modules in the different subunits of the holoenzyme. The N-terminal ATPase region, formed jointly by the GHKL and transducer domains, self-associates to form one dimer interface, the opening and closing of which is actuated by ATP binding and release (120, 159) . The toprim and 5Y-CAP domains lie C-terminal to the ATPase region; the dimer-related 5Y-CAP domains can interact to generate a second dimer interface (14, 99) . C-terminal to the 5Y-CAP domains is a scaffolding region, which forms a third interface, and is principally responsible for holding the holoenzyme together (14, 149) . The organization of these three interfaces creates two internal holes in the enzyme that are thought to temporarily store a DNA segment during the transport reaction (14, 159) .
Knowledge of the overall structure of type IIA topos and the sequence of events during strand passage has led to a physical model of the molecular motions involved in the reaction (14, 71) (Figure 5b ). The N-terminal ATPase region interface is open prior to nucleotide binding, allowing one DNA duplex, termed the gate or G-segment, to bind to the 5Y-CAP domains in the interior of the enzyme. The DNA duplex passed through the G-segment is termed the transfer or T-segment and is trapped between the GHKL domains upon their dimerization by ATP (107, 120, 159) . Conformational changes initiated by the ATPase region are transmitted through the enzyme, leading to cleavage of the G-segment by the joint action of the 5Y-CAP and toprim domains (7, 68, 92, 104, 158) , followed by separation of the broken G-segment ends and passage of the T-segment through the break. The third domain interface is then proposed to open and allow the T-segment to exit the enzyme from the side opposite that which it entered (119, 121) . This mechanism is referred to as a two-gate mechanism, because the T-segment passes through the entirety of the topoisomerase holoenzyme, an action that necessitates at least two differentially separable protein-protein interfaces (22, 119) .
In order to separate the two halves of the G-segment and allow passage of a second DNA duplex, type IIA topos must undergo significant conformational changes. Multiple structures of the DNA cleavage region from bacterial and eukaryotic type IIA topos have outlined the motions that are likely used in this process (14, 50, 99) (Figure 5c ). A key finding of these studies is that conformational flexing occurs at two "elbow joints" that lie over 50Å from the G-segmentbinding region. This organization allows relatively small hinging motions in the joints to be amplified into large translational movements needed to open the Gsegment ends by more than 20Å (50, 99) . Further structural studies are still needed to address other mechanistic issues such as how the ATPase, 5Y-CAP, and toprim regions communicate with each other to control G-segment cleavage and opening.
THE ROLE OF ATP In the past several years, a variety of new and exciting techniques have been applied to the study of type IIA topoisomerase mechanism. In one set of advances, Lindsley and coworkers used detailed stopped-flow and other rapid kinetic assays to reveal unexpected complexities in the S. cerevisiae topo II ATPase reaction. Prior to these efforts, it was known that ATP binding directs closure of the GHKL domain interface and that ATP hydrolysis during the reaction is necessary for enzyme turnover (4, 105, 120, 121, 159, 160) . Because type IIA topos can perform one round of strand passage when supplied with ADPNP (a nonhydrolyzable ATP analog), ATP hydrolysis was thought to have little or no role in coordinating strand passage per se (109, 147) .
Evidence that ATP hydrolysis does regulate aspects of the type IIA topo reaction cycle emerged from two sources. First, fast kinetic assays revealed that the two ATPs bound by S. cerevisiae topo II are differentially hydrolyzed; one ATP is hydrolyzed rapidly by the enzyme, followed by a rate-limiting step involving release of inorganic phosphate (P i ) and T-segment passage, prior to hydrolysis of the second ATP (8, 61, 62) . Second, activity assays of type IIA topo heterodimers in which only one subunit is capable of ATP hydrolysis showed that a single functional ATPase site is sufficient to effect multiple strand passage cycles (8, 137) .
Together, these data fit the following general model for the type IIA topoisomerase ATPase cycle. First, two ATPs bind cooperatively to the GHKL domains, causing their dimerization and promoting T-segment capture. Next, hydrolysis of one ATP triggers a conformational change, potentially between the GHKL and transducer domains, that concomitantly releases P i and triggers motions in the DNA cleavage domains to allow T-segment passage through the enzyme. Significantly, structural studies have shown that the ATPase active sites of type IIA topos are relatively shielded from solvent, which suggests that the P i product of hydrolysis can likely be released only upon a conformational change to open this site (36, 83, 159) . The role of the second ATP hydrolysis event has not been wellcharacterized, as it occurs rapidly after the rate-limiting step. However, it is likely that this event destabilizes the ATPase dimer interface, fostering ADP release, N-terminal gate opening, and enzyme resetting (8, 61) .
It should be noted that these kinetic data do not conflict with the observation that ADPNP can support one round of strand passage. Even though the first ATP hydrolysis event probably directs the conformational changes involved in strand passage, the observation that ADPNP can direct a single turnover event indicates that the enzyme can nevertheless slowly sample these changes in the absence of hydrolysis. A precedent for this type of mechanism has been proposed for the role of GTP hydrolysis by elongation factor G in ribosome translocation (74, 123) .
SINGLE-MOLECULE ASSAYS
As with type IA topos, single-molecule assays have been applied to type IIA enzymes (31, 43, 144-146). The first of these studies actually pioneered the use of single-molecule methods for topoisomerases in general and, in agreement with previous mechanistic models and biochemical data, showed directly that type IIA enzymes change the linking number of DNA by +/−2 per reaction cycle (22, 146) . More recently, however, single-molecule assays have been used to address mechanistic questions that have been difficult to address in bulk studies. These efforts have focused particularly on topo IV, a type II enzyme essential for chromosome decatenation in E. coli (66, 165) . Although initial bulk studies had shown topo IV to be more active in DNA decatenation than in relaxation of negative DNA supercoils (152) , a more recent set of experiments performed both in bulk and in single-molecule formats revealed that topo IV is approximately 20 times more active on positively supercoiled than on negatively supercoiled DNA (43). Such substrate discrimination is not seen in eukaryotic type IIA topos, which are excellent decatenases and relax both types of supercoils at roughly equivalent rates (109, 122, 146) . This finding prompted the study of topo IV by a more complicated single-molecule assay in which two DNA duplexes are braided together, thereby allowing DNA crossing angles to be directly manipulated without over-or undertwisting. The double-braid assay showed that topo IV preferentially acts on DNA crossovers with a left-handed geometry, which are the favored crossings in positively supercoiled DNA (31, 144). These observations have helped resolve how topo IV manages its in vivo task of unwinding positive supercoils in front of replication forks, and highlight the potential power of single-molecule approaches to uncover new topoisomerase functions. In the future, other single-molecule methods (such as single-molecule FRET) may help address detailed mechanistic questions such as the timing between enzyme gate opening and closure and the scope of interdomain motions involved during catalysis.
EFFECTS ON TOPOISOMER DISTRIBUTION
Recently, a new complexity of the type IIA topo mechanism was revealed by Cozzarelli and coworkers (128) , who showed that these enzymes reduce the distribution of knots and catenanes to levels significantly below thermodynamic equilibrium. At first glance, this bias would seem to require that the enzyme directly detect or sense the global topology of substrate DNA, a seemingly impossible feat given that topoisomerases are much smaller than their DNA substrates. This dilemma was resolved through a combination of biochemical experiments and DNA dynamics simulations: in one set of studies, type IIA topos were found to sharply bend a bound G-segment "up" toward the ATPase regions of the enzyme by as much as 130
• (154), and a second set of experiments using Monte Carlo simulations revealed that a sharp bend in one DNA tends to cause a catenated partner DNA to migrate into the region of the bend. When taken together, these data indicate that type IIA topos are designed to help foster decatenation and unknotting by creating local physical conditions that favor catenated DNAs to act as the T-segment during strand transport (78, 154) .
DNA Gyrase: A Type IIA Supercoiling Machine
DNA gyrase is the only type IIA topo capable of introducing excess negative supercoils into DNA. This function helps keep the genomes of mesophilic bacteria slightly underwound, aiding processes that require DNA melting, such as replication and transcription (166) . Although the DNA gyrase core structure is generally highly similar to other type IIA topos, its C-terminal DNA-binding/cleavage region is augmented by a 33-kDa DNA-binding domain (72) . This domain is essential for the supercoiling activity of gyrase (72) and helps mediate the wrapping of ∼140 bp of DNA in a right-handed manner around the entire enzyme (72, 79, 89, 90, 106) . This wrap allows DNA gyrase to preferentially use two segments of the same DNA molecule as the G-and T-segments, strongly favoring the formation of a positive crossover that, when inverted by the enzyme, creates two negative supercoils in the substrate DNA (22) . Although sequence-based structure predictions strongly indicate that the C-terminal 33-kDa domain adopts a β-propeller fold (115), additional biochemical and structural studies are needed to determine how this domain facilitates DNA wrapping about the enzyme.
Type IIB
Type IIB topos are heterotetrameric A 2 B 2 enzymes that, like type IIA topos, catalyze the ATP-dependent transport of one DNA duplex through another (16) . Structural studies on the prototypical member of this family, topo VI, have shown that type IIB enzymes share the same catalytic modules as their type IIA cousins (15, 39, 102) (Figure 6a ). For example, the B-subunits of topo VI are highly similar to the ATPase region of type IIA enzymes (15, 39) , and the A-subunits, which are responsible for G-segment binding and cleavage (15) , bear the 5Y-CAP and toprim domains seen in type IA and IIA topos (102) . However, the global architecture of type IIB topos is quite distinct from other topoisomerases, including the type IIA enzymes. The tertiary structure of the A-subunit is significantly rearranged from the catalytic DNA-binding and cleavage cores of other topoisomerase types, forming a compact, U-shaped dimer with a putative DNAbinding groove running across the dimer interface between the two subunits (102) . The linker regions between the ATPase and 5Y-CAP/toprim regions also appear to be unique. Despite these differences, the strand passage mechanism utilized by type IIB topos is thought to be a simplified variant of the two-gate mechanism proposed for the type IIA topos (39, 102) (Figure 6b ). The first step involves entry of a G-segment through an open entry gate composed of the B-subunits so that it may bind to the A-subunit dimer. Structural studies have revealed that the GHKL domains in the Bsubunits dimerize upon nucleotide binding in a manner equivalent to that of type IIA topos; this motion likely traps a T-segment in the cavity between the ATPase regions and initiates the duplex transport reaction (39). The close similarity of type IIA and IIB ATPase regions suggests that ATP hydrolysis might help mediate conformational changes in the B-subunits that stimulate G-segment cleavage and opening and T-segment release (39, 83, 159) . Consistent with this idea, structural studies of the B-subunit have revealed that significant nucleotide-induced changes occur in the orientation of the GHKL and transducer domains. When considered in the context of a holoenzyme model, these intrasubunit reorganizations may allow enough separation of the A-subunits to facilitate T-segment passage (39) (Figure 6c,d) .
Given their striking similarities and differences, how might the type IIA and IIB topos have evolved? It is interesting to note that the conserved catalytic tyrosine and arginine residues of the 5Y-CAP domain of type IIB topos are actually located on a different secondary structural element than seen in either type IA or IIA proteins (102) . The relative orientation of the two CAP domains within a dimer is also different from that seen in type IA and IIA topos (13, 99, 102) . These disparities, along with the unique domain organization and tertiary structure of type IIB enzymes ( Figures 5 and 6 ), suggest that the type IIB 5Y-CAP domain may not be directly related to the 5Y-CAP domains of type IA and IIA topos. Instead, a heterologous 5Y-CAP domain may have been inserted into a bacterial type IIA B-subunit, splitting the protomer into two new distinct subunits that display the domain arrangement now seen in the type IIB enzymes.
Genomic data describing the distribution of type IIB topoisomerase subunits appear consistent with the idea that they evolved from a bacterial type IIA enzyme. Type IIB topos are the sole type II topoisomerases present in most archaea, but they are never found in bacteria or in eukaryotes other than higher plants (38, 65) . Eukaryotes do retain a protein known as Spo11, however, which mediates doublestrand DNA breakage during meiotic recombination and is highly related to the type IIB topo A-subunit (15, 76) . Taken together, these data indicate that type IIB topos likely originated before the initial branching of archaea from eukaryotes (54) . Some archaea then lost type IIA topos in favor of the more compact type IIB enzymes, and eukaryotes lost the type IIB B-subunit and recruited the A-subunit into meiotic recombination (26). Higher plants, which contain Spo11 and both type IIA and IIB topos, may have then regained the IIB enzyme through lateral gene transfer early in their evolution (65) . It remains to be seen why plants and some archaea possess a type IIB topoisomerase in addition to their type I and IIA enzymes. Future studies of the physical mechanism of type IIB topos should provide an interesting comparison to the type IIA enzymes and may highlight mechanistic similarities and differences that would provide clues about the evolutionary origins of these two families.
CONCLUSION
Since their discovery in the 1970s, research into topoisomerases has revealed much about these enzymes' cellular roles and mechanisms. In the past few years, a number of significant new relationships between various topoisomerases have been discovered, fueled in part by structural data from four distinct topoisomerase families. Concurrent with these findings, both classic biochemical approaches and new methods, such as rapid kinetic analyses and single-molecule studies, are uncovering unexpected mechanistic complexities about topoisomerase function. Despite these advances, significant questions remain with respect to the means by which chemistry and dynamics are physically coupled to allow topoisomerases to manipulate DNA strands and modulate chromosome topology. In the future, a more robust and comprehensive understanding of topoisomerase mechanisms and their cellular function will come about only as data are synthesized from the structural, biophysical, and cell biological realms. Given the established track record of topoisomerase research aiding the understanding of a number of diverse areas of biology, from molecular machines to the treatment of human disease, there is clearly a need to continue such efforts. C-6 CORBETT s BERGER
